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Foreword

On 23 July 1972, the first Earth Resources Technology Satellite (ERTS
1 or Landsat 1) was successfully placed in orbit. The success of Landsat
inaugurated a new era in satisfying mankind’s desire to better under-
stand the dynamic world upon which we live. Space-based observations
have now become an essential means for monitoring global change.

The short- and long-term cumulative effects of processes that cause
significant changes on the Earth’s surface can be documented and studied
by repetitive Landsat images. Such images provide a permanent histor-
ical record of the surface of our planet; they also make possible compar-
ative two-dimensional measurements of change over time. This Profes-
sional Paper demonstrates the importance of the application of Landsat
images to global studies by using them to determine the current
distribution of glaciers on our planet. As images become available from
future satellites, the new data will be used to document global changes in
glacier extent by reference to the image record of the 1970’s.

Although many geological processes take centuries or even millenia to
produce obvious changes on the Earth’s surface, other geological phe-
nomena, such as glaciers and volcanoes, cause noticeable changes over
shorter periods. Some of these phenomena can have a worldwide impact
and often are interrelated. Explosive volcanic eruptions can produce
dramatic effects on the global climate. Natural or culturally induced
processes can cause global climatic cooling or warming. Glaciers respond
to such warming or cooling periods by decreasing or increasing in size,
thereby causing sea level to rise or fall.

As our understanding of the interrelationship of global processes
improves and our ability to assess changes caused by these processes
develops further, we will learn how to use indicators of global change,
such as glacier variation, to more wisely manage the use of our finite land
and water resources. This Professional Paper is an excellent example of
the way in which we can use technology to provide needed earth-science
information about our planet. The international collaboration represented
by this report is also an excellent model for the kind of cooperation that
scientists will increasingly find necessary in the future in order to solve
important earth-science problems on a global basis.

Dallas L. Peck
Director,
U.S. Geological Survey
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Preface

This chapter, consisting of three independently authored subchapters,
is the third to be released in U.S. Geological Survey Professional Paper
1386, Satellite Image Atlas of Glaciers of the World, a series of 11
chapters. In each chapter, remotely sensed images, primarily from the
Landsat 1, 2, and 3 series of spacecraft, are used to study the glacierized
regions of our planet and monitor glacier changes. Landsat images,
acquired primarily during the middle to late 1970’s, were used by an
international team of glaciologists and other scientists to study various
geographic areas or discuss glaciological topies. In each geographic area
the present areal distribution of glaciers was compared, where possible,
with historical information about their past extent. The atlas provides an
accurate regional inventory of the areal extent of glacier ice on our planet
during the 1970’s as part of a growing international scientific effort to
measure global change on the Earth’s surface.

In Turkey, present-day glaciers are found in the higher elevations of
the Eastern Black Sea Coastal Range, in the Middle and Southeastern
Taurus Mountains, and on Mounts Ereiyas, Stiphan, and Agri. The total
glacier area is estimated to be 22.9 km® The southeastern Taurus
Mountains have the most glaciers. Modern maps, aerial photographs, and
Landsat images are used to document the distribution of glaciers in
Turkey, although the spatial resolution of the sensors limits the use of
Landsat images to the largest glaciers.

In Iran, glaciers occur in the Elburz Mountains, the Zagros Mountains,
and Kiihha-ye Sabalan. The total glacier area is estimated to be 20 km?.
The largest concentration of glaciers is on the Takht-e Sulaiman massif of
the Elburz Mountains. One of the glaciers, Sarchal, is about 7 km long.
Five glaciers are present in the Zagros Mountains. Seven glaciers are
located on Kuihha-ye Sabalan. Because of the small size of the glaciers in
Iran, Landsat images have only limited usefulness.

In Africa, glaciers are presently limited to two volcanoes, Mount
Kenya in Kenya and Kilimanjaro in Tanzania, and one massif, the
Ruwenzori, on the border between Uganda and Zaire. Mount Kenya has
11 cirque and valley glaciers totaling 0.7 km? in area. Kilimanjaro has 16
named glaciers and 8 ice fields in the Kibo caldera that total 5 km? in area.
The total glacier area in Africa is 10.7 km®>. No Landsat data were
acquired of the Ruwenzori because of persistent cloud cover. Landsat 3
return beam vidicon (RBV) camera images were acceptable for docu-
menting glacier area on the two volcanoes, but vertical aerial photo-
graphs combined with field surveys remain the most effective means of
monitoring areal changes in the glaciers of Africa. Availability of high-
resolution satellite images or photographs would obviate the need for
vertical aerial photographs.

Richard S. Williams, Jr.

Jane G. Ferrigno,
Editors
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About this Volume

U.S. Geological Survey Professional Paper 1386, Satellite Image Atlas
of Glaciers of the World, contains eleven chapters designated by the
letters A through K. Chapter A is a general chapter containing introduc-
tory material and a discussion of the physical characteristics, classifica-
tion, and global distribution of glaciers. The next nine chapters, B
through J, are arranged geographically and present glaciological infor-
mation from Landsat and other sources of data on each of the geographic
areas. Chapter B covers Antarctica; Chapter C, Greenland; Chapter D,
Iceland; Chapter E, Continental Europe (except for the European part of
the Soviet Union), including the Alps, the Pyrenees, Norway, Sweden,
Svalbard (Norway), and Jan Mayen (Norway); Chapter F, Asia, includ-
ing the European part of the Soviet Union, China (P.R.C.), India, Nepal,
Afghanistan, and Pakistan; Chapter G, Turkey, Iran, and Africa; Chap-
ter H, Irian Jaya (Indonesia) and New Zealand; Chapter I, South
America; and Chapter J, North America. The final chapter, K, is a
topically oriented chapter that presents related glaciological topics.

The realization that one element of the Earth’s cryosphere, its glaciers,
was amenable to global inventorying and monitoring with Landsat
images led to the decision, in late 1979, to prepare this Professional
Paper, in which Landsat 1, 2, and 3 multispectral scanner (MSS) and
Landsat 2 and 3 return beam vidicon (RBV) images would be used to
inventory the areal occurrence of glacier ice on our planet within the
boundaries of the spacecraft’s coverage (between about 81° north and
south latitudes). Through identification and analysis of optimum Landsat
images of the glacierized areas of the Earth during the first decade of the
Landsat era, a global benchmark could be established for determining the
areal extent of glaciers during a relatively narrow time interval (1972 to
1982). This global “snapshot” of glacier extent could then be used for
comparative analysis with previously published maps and aerial photo-
graphs and with new maps, satellite images, and aerial photographs to
determine the areal fluctuation of glaciers in response to natural or
culturally induced changes in the Earth’s climate.

To accomplish this objective, the editors selected optimum Landsat
images of each of the glacierized regions of our planet from the Landsat
image data base at the EROS Data Center in Sioux Falls, S. Dak.,
although some images were also obtained from the Landsat image
archives maintained by the Canada Centre for Remote Sensing, Ottawa,
Ontario, Canada, and by the European Space Agency in Kiruna, Sweden,
and Fucino, Italy. Between 1979 and 1981, these optimum images were
distributed to an international team of more than 50 scientists who
agreed to author a section of the Professional Paper concerning either a
geographic area or a glaciological topic. In addition to analyzing images of
a specific geographic area, each author was also asked to summarize
up-to-date information about the glaciers within the area and to compare
their present areal distribution with historical information (for example,
from published maps, reports, and photographs) about their past extent.
Completion of this atlas will provide an accurate regional inventory of the
areal extent of glaciers on our planet during the 1970’s.

Richard S. Williams, Jr.
Jane G. Ferrigno,
Editors
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SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

GLACIERS OF THE MIDDLE EAST AND AFRICA —

GLACIERS OF TURKEY

By AJUN KURTER'

Abstract

Glaciers currently occur in Turkey in the higher elevations of the coastal ranges along the
southeastern shore of the Black Sea, in the Middle and Southeastern Taurus Mountains, and
on Mounts Erciyes, Siiphan, and Agr1. The total area of the glaciers is estimated to be 22.9
square kilometers, with the greatest concentration occurring in the Southeastern Taurus
Mountains. Although a few early glacier studies were carried out just after 1900, modern
scientific studies of the glaciers of Turkey did not begin until the 1930’s. Precise, reliable
modern topographic maps at scales of 1:100,000 and 1:25,000 have become available during
the last 30 years. Complete aerial photographic coverage of Turkey has been acquired at
1:35,000 and 1:20,000 scales, but the photographs have limited usability for glacier research
because they often contain too much snow cover and there is little repetitive coverage.
Landsat imagery can be used for repetitive coverage of the glaciers of Turkey, but the
spatial resolution restricts its use to the largest glaciers.

General Introduction

The areas of present glaciation in the Middle East are situated in the
northern part of the region and include various types and sizes of glaciers
in Turkey and Iran. The primary reasons for this distribution are (1) the
decrease in the elevation of the snowline from south to north and (2) the
presence of high mountains within these two countries that rise above the
snowline altitude. In addition to the prevailing climatic conditions (for
example, temperature, wind direction, precipitation), orographic factors,
such as slope orientation and degree of landform dissection, are also
favorable. By contrast, in the southern part of the Sinai Peninsula of
Egypt, which also is a mountainous area, the snowline elevation lies
above Mount Sinai (2,287 m), the highest peak in the region. Only during
the Pleistocene was the snowline depressed enough to support glaciers in
the southern Sinai Peninsula. Neither Syria nor Iraq has high enough
mountains or climatic conditions suitable for formation of glaciers. In
Lebanon, which is bordered on the west by the eastern Mediterranean
Sea, a somewhat different situation exists. Elevations reach above 3,000
m in the Lebanon and Anti-Lebanon Mountains. Although the elevations
are below the present snowline (about 3,700 m), there are occasional
perennial snow patches at elevations that exceed 3,000 m. During the
Wiirm glacial stage of the Pleistocene, even though the snowline dropped
approximately 1,000 m to below 2,700 m, glaciation in this part of the
Middle East was not fully developed because of orographic conditions and
the degree of landform dissection (Klaer, 1957).

High mountain areas encompass parts of Turkey and Iran. The highest
elevation in the Elburz Mountains in northern Iran is 5,670 m on

Manuscript approved for publication May 20, 1988.
! Institute of Marine Sciences and Geography, University of Istanbul, Istanbul, Turkey.
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Damavand. The summit of Kiihha-ye Sabalan, approximately 135 km east
of Tabriz, Iran, has an elevation of 4,740 m. Here, the elevation of the
snowline has been calculated to be about 4,500 m, so these high mountain
systems support small glaciers. The eastern half of Turkey also is a
suitable area for the development of glaciers of different sizes and types
because of the climate and altitude. Information on the glaciers of Turkey
will be given in this section. The glaciers of Iran will be discussed
separately in the next section.

Occurrence of Glaciers

Turkey, located between latitudes 36° and 42° N., exhibits different
topographic and climatic features from west to east as well as from the
coastal to interior regions. For example, high mountain chains extending
parallel to the northern and southern coasts prevent penetration of moist
air masses to the interior plains and plateaus. Although the elevation of
Turkey’s interior is considerable, the highest terrain is located in the
central and eastern parts, especially in association with the many extinet
or dormant volcanoes. Toward the east, different mountain ranges
converge to produce a region of increasing elevation. The highest extinct
volcanoes are also located in this region. The degree of continentality
increases with distance from the coast. Temperature rises toward the
interior, while the simultaneous increase in continentality results in
lower precipitation toward the east. On the other hand, humid air masses
that move over the region during the winter months produce precipita-
tion that exceeds 2 m in the higher elevations. There are a few glaciers on
the summits of coastal mountains that have elevations above the snow-
line. Well-developed glacierization and long valley glaciers are nonexist-
ent in these coastal ranges, however, because of the increased elevation
of the snowline, high degree of erosional dissection, and small number of
peaks that are above the snowline. Toward the eastern part of Turkey,
the elevation of the snowline increases in association with continentality,
so that the glaciation in this region seems to be less well developed. The
southeastern part of the Toros Daglari (Taurus Mountains)® is the
foremost glacierized area. Some valley glaciers in this region are 4 km in
length (table 1). Agr Dagr (Mount Agri, or Mount Ararat), near the
eastern border, has an elevation of 5,137 m. It is covered with an ice cap
that has an area of 10.0 km?, the largest single glacier in Turkey. Thus,
one can say that glaciation in Turkey is developed for the most part in the
eastern part of the country (fig. 1). Although no comprehensive studies
on glaciation in Turkey have been carried out, in the limited studies that
have been done, most scientists have reached similar conclusions. The
studies have found some traces of evidence about glaciation in earlier
glacial periods, especially Riss. It has also been concluded that extensive
glaciation occurred at the beginning of the Wiirm. In fact, the snowline
was at least 1,000 m lower than at present. As a result, valley glaciers
developed, descending to an elevation of 2,000 m. Cirque glaciers and
small valley glaciers formed on mountains that do not have glaciers
today. However, this glaciation disappeared after the end of Wiirm II. In
other words, the present glaciation cannot be considered to be a
continuation of the Pleistocene glaciation. During the postglacial interval

2 The geographic names used in this subchapter are from the Gazetteer of Turkey (U.S. Board on
Geographic Names, 1984), the New Atlas of Turkey (Harita Genel Miidiirliirliigii, 1977), and the author.
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studies of glaciers on Mount Siiphan and in the Ala Mountains. Stratil-
Sauer, who initially carried out investigations in the Eastern Black Sea
Mountains (1927), continued his studies of Pleistocene glaciation and
small modern glaciers in the western part of these ranges (1961, 1964,
1965). Imhof (1956), Ivan’kov (1959), and Arkel (1973) conducted studies
of glaciers on Mount Agri. In addition, Louis (1938, 1944), Messerli (1964,
1967), and Birman (1968), made observations and published papers about
the glacierized areas of Turkey. Birman (1968) also endeavored to
conduct a reconnaissance survey of the glacial geology and glaciers of the
entire country. Horvath (1975) reviewed the glaciers of Turkey as part of
a discussion of the area including Turkey, Armenian S.S.R., and Iran.

Mapping of Glaciers

The Earliest Maps of Glaciers

During the 19th century, accurate large-scale or small-scale maps were
not available for glacier studies in Turkey. For this reason, from the
middle to the end of the 19th century, all of the scientists who carried out
field studies in Turkey had to produce their own base maps. This
situation prevailed until the beginning of the 20th century. In the years
preceding World War I, maps, such as those made by the German
cartographer Kiepert, in which relief features were shown by hachures,
became available but were filled with numerous errors (Philippson, 1918).
Maps made of the southeastern part of the country at a scale of 1:400,000
by German cartographers and at a scale of 1:250,000 by British mapmak-
ers during this period were used by many explorers after World War 1.
For example, Bobek (1940) made use of these maps in his glacial studies
in the Buzul Mountains and in the Tkiyaka (Sat) Daglar1 (Ikiyaka, or Sat,
Mountains). However, there is no information about glaciers on the
aforementioned maps.

In summary, for glacial geology and glacier studies in Turkey until the
beginning of World War II, explorers had to use very small scale maps.
These maps did not show any glaciers and also provided erroneous
information about peaks, valleys, and landforms, in general. As a result,
scientists made many errors on sketch maps of glaciers.

Modern Maps of Glaciers

In the years following World War 11, as greater interest was shown in
glaciological research, scientists involved in such studies were more
fortunate because of the availability of more reliable topographic maps. A
1:200,000-scale topographical map series of Turkey in which contour
intervals are shown at 50-m intervals was completed by this time.
Unfortunately, topographic maps in this series do not contain correct
information on either elevations or geographic place-names. Hence,
scientists who used the 1:200,000-scale topographic maps noted that
there were inconsistencies in place-names used by earlier explorers and
place-names shown on more recently published maps (Gall, 1966; Liffler,
1970). In addition, glaciers are not delineated on this map series. Despite
these obvious problems, the 1:200,000-scale maps have been used in
almost all recent studies of glaciers. However, explorers made use of
these maps only for orientation purposes and finding their locations.
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Within glacierized regions each scientist had to draw a large-scale sketch
map with an altimeter and a compass. However, errors do exist on these
sketch maps because of the inaccurate base maps.

In recent years the situation has been altered considerably because of
the availability of very precise topographic maps of Turkey at scales of
1:250,000, 1:100,000, and 1:25,000. When these maps are used, sketch
maps drawn by explorers are more precise, especially with regards to
delineation of the snowline. Also on recently published 1:25,000- and
1:100,000-scale topographic maps, contour lines on the larger glaciers are
drawn in blue. Although the large-scale maps were primarily prepared to
support military planning and operations and have some restrictions in
their availability, in recent years scientists have been able to use them in
their research. For example, Planhol and Bilgin (1964) and Kurter and
Sungur (1980) based their research on these maps.

In summary, maps of the glacierized areas of Turkey since World War
IT have been compiled in the field because of lack of availability of
large-scale topographic maps, but most such independently drawn maps
contain errors. More recently, however, 1:25,000- and 1:100,000-scale
maps have become available for modern field studies, and scientists have
begun to make effective use of them.

Imaging of Glaciers

Aerial Photography

In Turkey, aerial photogrammetric methods were used extensively for
the first time during the 1950’s. The main impetus was to meet the
objective of preparing a 1:25,000-scale topographic map series of Turkey.
A military unit attached to the General Staff Headquarters was given the
responsibility for acquiring complete aerial photographic coverage of
Turkey. Vertical aerial photographs of the entire country were taken
over a period of several years. The vertical aerial photographs can be
used, with some restrictions, for all types of scientific studies, with the
exception of mapmaking. Two scales, one at 1:35,000 and the other
1:20,000, are available. The 1:20,000-scale vertical aerial photographs are
more suitable for studies of glaciers.

Although aerial photographs are available of the glacierized areas of
Turkey, the anticipated increase in glacial and glacier studies in Turkey
has not been realized, because the photographs were acquired for
topographic mapmaking, not for scientific purposes. Thus, the photo-
graphs are generally only of average quality, often lacking in the detail
needed to support precise scientific investigations. In addition, another
negative factor in their use for glacier studies is the limited opportunity
for repetitive coverage. Because the main purpose is for topographic
mapmaking, only one or two flights are made over each area to be
mapped. Once a usable set of aerial photographs is available for topo-
graphic mapmaking, no other survey flights of the area are scheduled.
Thus, scientists are deprived of the availability of periodic aerial photo-
graphs necessary to determine the advance or retreat of a glacier. Also,
because the aerial photographs have not been taken during the time of
minimum snow cover, determination of the snowline on the glaciers is
very difficult.

G8 SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD



In recent years, aerial photographs have also been acquired for
forest-management purposes, and 1:10,000- and 1:5,000-scale aerial pho-
tographs are available for such studies. However, because glacierized
areas do not coincide with forested areas, these aerial photographs are
not useful for glacier studies. Arrangements for photographing glacier-
ized areas during a specific season and time can be made with the Harita
Genel Miidiirliirliigit (General Maps Directorate), the only establishment
in Turkey authorized to acquire aerial photographs, but the institution
that needs the photographs must pay all costs.

Landsat Imagery

The limitations inherent in using aerial photographs of Turkey for
glacier studies do not apply to Landsat imagery. In fact, glaciers could be
analyzed during different years on Landsat images available for the
period 1972-77 (table 2; figs. 1 and 2). Thus, advance or recession of
glaciers could easily be determined. Also, acquisition of images at the end
of the melt season increases the chance of having minimum snow cover.
In this way, satellite images give some advantages that cannot be derived
from aerial photographs. However, delineation of Turkey’s glaciers on
satellite images is difficult because of the glaciers’ small areas and
volumes. Although glaciers on the volcanic cones of Mount Erciyes,
Mount Siiphan, and Mount Agr1 can be seen quite easily on the
1:1,000,000-scale images, small features such as glacierets and firn
patches cannot be detected in the mountain ranges, especially on high
peaks and steep slopes, even on enlargements of the images. For this
reason, only the major glaciers of Turkey could be studied on available
Landsat multispectral scanner (MSS) and return beam vidicon (RBYV)
images, even though they are enlarged to a scale of 1:250,000 or larger.
Also, some of the available Landsat MSS and RBV images contain too
many clouds and (or) too much snow cover for optimum analysis (table 2).

In the following discussion of Turkey’s glaciers, a combination of aerial
photographs and Landsat images was used, even though each had its own
limitations. Because the aerial photographs of Turkey were taken for
other uses, primarily mapmaking, they were not acquired during the
optimum time of year (end of the melt season) and do not provide
repetitive coverage; therefore, they have only limited value for studies of
glaciers. These shortcomings of the aerial photographs are overcome by
use of the Landsat images; however, the spatial resolution of the Landsat
MSS images restricts its value to studies of only the largest Turkish
glaciers.

Glaciers on Landsat Images

In Turkey, various types of glaciers tend to cluster in specific areas,
and, in fact, almost all of the glaciers are located in the eastern half of the
country (fig. 1). The glaciers are classified as valley, mountain, and rock
glaciers. The concentration of glaciers in specific areas presents an
opportunity for recording several of them on the same image. However,
since some glaciers have developed on the highest peaks in widely
separated parts of Turkey, several satellite images must be used to cover
all the glacierized regions of Turkey. Eight separate Landsat images are
the minimum needed to provide complete coverage, although only seven
are shown in figure 1 because of the lack of an adequate image for one
region.
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TABLE 2. —Optimum Landsat 1, 2, and 3 images of the glaciers of Turkey

[Explanation of symbols used in the “Code” column is provided on figure 2. The single oceurrence of a half-filled circle indicates a fair to poor image]

Solar

Nominal Landsat levati Cloud
Path-Row scene center identification Date eleva llDIl Code cover Remarks
(lat-long) number angle (in percent)
(degrees)
182-32 40°14'N. 2603-06505 16 Sep 76 43 0 10 Mount Agn
45°34'E.
182-33 38°49'N, 2603-06512 16 Sep 76 44 0 10 Mount Agr
45°05'E.,
182-33 38°49'N. 30950-06480-A 10 Oct 80 36 . 0 Mount Agr1; Landsat 3 RBV;
45°05'E. figure 13
182-34 37°24'N. 2189-07002 30 Jul 75 56 . 0 Buzul and Ikiyaka Mountains;
44°37T'E. figure 6
182-34 37°24'N. 30950-06482-C 10 Oct 80 37 ‘ 0 Buzul and Ikiyaka Mountains;
44°37'E. Landsat 3 RBV
183-32 40°14'N. 2586-06570 30 Aug 76 47 0 10 Mount Agn; figure 12
44°08'E.
183-32 40°14'N. 2946-06411 25 Aug 7 46 ‘ 0 Mount Agr; color composite
44°08'E. available
183-33 38°49'N, 2946-06414 25 Aug 77 47 . 0 Mount Siiphan, Kavugsahap
43°39'E. Mountains; figure 11
183-33 38°49'N. 2208-07050 18 Aug 75 52 0 10 Mount Siiphan, Kavussahap
43°39'E. Mountains
183-33 38°49'N. 30915-06545— 05 Sep 80 46 . 0 Mount Siiphan, Kavugsahap
43°39'E. AC Mountains; Landsat 3 RBV
183-34 37°24'N. 2208-07053 18 Aug 75 53 ‘ 0 Kavusgsahap and Buzul Mountains
43°11'E.
183-34 37°24'N. 30951-06540-A 11 Oct 80 37 . 0 Kavusgsahap Mountains; Landsat
43°11'E. 3 RBV
184-33 38°49'N. 2227-07104 06 Sep 75 48 . 0 Mount Siiphan, Kavugsahap
42°13'E. Mountains; color composite
available; figure 8
185-31 41°40'N. 2210-07153 20 Aug 75 50 . 0 Mount Altiparmak area of
41°46'E. Eastern Black Sea Mountains;
color composite available
185-32 40°14'N. 2084-07170 16 Apr 75 50 . 0 Mounts At and Kackar area of
41°16'E. Eastern Black Sea Mountains;
heavy snow cover; color
composite available
186-32 40°14'N. 2211-07214 21 Aug 75 51 ‘ 0 Mounts Aptalmusa and Kackar
39°50'E. areas; color composite
available; figure 3
186-32 40°14’N. 30954-07102— 14 Oct 80 34 ‘ 0 Mount Aptalmusa and Varganba
39°50'E. ABCD Peak; Landsat 3 RBV
187-32 40°14'N. 224807271 27 Sep 75 41 0 10 Mount Karagol, Giresun
38°24'E. Mountains; color composite
available
188-33 38°49'N. 2933-07110 12 Aug 77 49 . 0 Mount Erciyes; figure 9
36°28'E.
188-33 38°49'N. 2915-07120 25 Jul 77 52 . 0 Mount Erciyes; color composite
36°28'E. available
188-33 38°49'N. 30956-07220-C 16 Oct 80 34 ‘ 0 Mount Erciyes; Landsat 3 RBV
36°28'E.
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In summary, disintegration of the Northern Ice Field and continuing
disappearance of the long tongues of glacier ice on the northwestern
slopes can be confirmed on the Landsat image (fig. 7). On the western
slopes, the once continuous cover of vigorously active ice has been
reduced to many fragments. To the south lies the Southern Ice Field,
below which separated fragments of the former glacier tongues are
stagnating. A sizable patch of snow flanks the minor southern scarps of
the caldera that now contains virtually no glacier ice (fig. 8).

Figure 9 is an annotated Landsat 3 RBV image (30912-06495, subscene
D; Path 180, Row 62) that was taken on the morning of 2 September 1980,
a third of the way through the driest period of the year (August-October)
on Kilimanjaro. It depicts very clearly the fragmented nature of the snow
and ice cover on the summit of Kibo. For approximately the previous 5
months, the overhead midday sun has been to the north of the mountain,
and therefore snow and ice on slopes with northerly exposures have been
subjected to their maximum annual depletion as a result of direct solar
radiation. Nonetheless, most of the 16 named glaciers and 3 ice fields on
the image are snow covered, and snow alone accounts for an estimated 50
percent of this area of snow and ice. Immediately north of the Northern
Ice Field, small patches of convectional cloud can be differentiated
readily from the snow and ice surfaces because of the shadows that they
cast. The summit area of Kibo is more open and covers a larger area in
comparison to Mount Kenya, and thus it is easier to identify the
individual glaciers on Kibo. These and the ice fields are noted on figure 9.

Glaciers of the Ruwenzori, Uganda and Zaire

The Ruwenzori are a 50-km-wide horst that straddles the Ugan-
da/Zaire border and trends northwestward from the Equator for approx-
imately 100 km. Subaerial erosion has carved out a network of deep
valleys and individual mountains. Within the central area of the range, 25
peaks rise above 4,500 m, and the highest point is the Margherita peak on
Mount Stanley, which is one of six mountains with a cover of glacier ice.
A recent compilation by Hastenrath (1984; see fig. 10) lists 44 named
glaciers, although the rapid wastage may alter, and in fact increase, this
number.

The Ruwenzori may be the mythical snow-covered Lunae Montes
where Aeschylus, Ptolemy, and Aristotle believed the Nile had its source
(Filippi, 1909). Over the centuries, the mountains continued to be written
about, appeared on maps, and were still being sought by 19th century
explorers (Jeannel, 1950). The Ruwenzori may have been seen by
Europeans as early as 1864, although it is generally agreed that Stanley
was first to glimpse their snow-capped peaks in 1888 (Abruzzi, 1907).
Photographs of the snow-covered western slopes taken in 1891 clearly
depict glaciers that were not recognized (Stuhlmann, 1894), and the
existence of glaciers was not documented until 1900 (Moore, 1901).
Scientific work was subsequently initiated by the Duke of Abruzzi, whose
1906 expedition identified 30 glaciers and named 20 of them (Abruzzi,
1907; Filippi, 1909). No further investigation of the glaciers was made
until the detailed survey of the Speke Glacier in 1949 (Menzies, 1951a,b).
A series of small studies followed, which culminated in six expeditions
mounted between 1958 and 1961 (Whittow 1959; Whittow and Shepherd,
1959; Osmaston 1961; and Whittow and others, 1963). By 1958, the 37
surviving glaciers had been seen, although some remained unnamed and
unvisited. Observation of four of the main glaciers continued until 1967
(Temple, 1968); since that time there has been no substantial scientific
work.
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A 1:50,000-scale map of the peaks, passes, and glaciers of the Ruwen-
zori was produced during the 1906 expedition (Abruzzi, 1907); magnifi-
cent photographic panoramas of the peaks and glaciers were incorporated
into the more detailed account of Filippi (1909). Busk (1954) discussed
discrepancies between the photographs and the 1906 map. Stumpp (1952)
produced a 1:25,000-scale map of the central peaks based on a 1937-38
terrestrial photogrammetric survey, but this Deutscher Alpenverein
expedition excluded the glaciers on the Zaire side of the range. In 1958,
a 1:50,000-scale map was published; this was followed in 1962 by a
1:25,000-scale map (reprinted 1970) of the central Ruwenzori that incor-
porated glaciological detail from the 1958-61 expeditions. These latter
two maps, both based on aerial photogrammetry, are listed in table 1.
Osmaston and Pasteur (1972) published sketch maps of the peaks.

Livingstone (1962, 1967) suggested that the most recent deglaciation of
the Ruwenzori began 14,700+290 years B.P., on the basis of a C'* date
obtained for basal sediments extracted from a kettle lake lying inside
massive moraines about 10 km from the contemporary glaciers on Mount
Baker. The glaciers, which Nilsson (1931) estimated had locally extended
across at least 100 km?, have now retreated vertically through 2,400 m
from these moraines (Livingstone, 1975).

The Ruwenzori are by far the cloudiest and wettest of all east African
mountains. Precipitation is common all year round, with maxima around
March-May and September-October. At about 4,300 m, a net accumula-
tion of snow has been reported for these wetter times of the year.
Maximum ablation occurs in January-February and June-August (Berg-
strom, 1953; Temple, 1968). Livingstone (1967) believes that the western
slopes of the Ruwenzori are wetter, but there is little observational
evidence on the precipitation distribution in the peak regions; for the
eastern slopes, the following annual precipitation totals are given: 1,140
mm at 1,220 m, 2,280 mm at 1,830 m, 2,540 mm at 3,050 m, and above
that level values ranging between 1,910 and 2,790 mm. An altitudinal belt
of maximum precipitation and daily circulation patterns, if existing at all,
is certainly less well developed than on Kilimanjaro and Mount Kenya.
The persistent cloud cover must be regarded as a major factor in
controlling the diurnal heat budget and hence mountain-valley wind
systems. It is interesting that east-west asymmetries in ice extent are
less well developed than on Kilimanjaro and Mount Kenya. A further
feature of this perennially wet environment is the proximity of glaciers
and lush vegetation on the Ruwenzori, compared with Kilimanjaro,
where a wide belt having a desertic appearance separates the dense
tropical rain forest from the realm of perennial ice. The abundant
precipitation and considerable cloud protection are conducive to the
development and survival of glaciers on the Ruwenzori. The atmospheric
conditions have also prevented acquisition of any usable Landsat images
from 1972 to 1985 (see section entitled “Landsat Images” and table 3),
although many of the glaciers that presently exist on the six glacierized
mountain massifs of the Ruwenzori have dimensions large enough to be
discerned on Landsat images.

In 1906, the glaciers were retreating rapidly from adjacent moraines
(Abruzzi, 1907; Filippi 1909). Despite unabated 20th century wastage,
the glaciers were considered by Spink (1949) to be in a healthier state
than those on Mount Kenya and Kilimanjaro. This was confirmed by the
glaciologist Bergstrom, who suggested that the loss of glacier ice had not
been as catastrophic as had been commonly portrayed. Whittow and
others (1963) estimated that the glacier cover was approximately 5 km?
with 2 km® on Mount Stanley, 1.62 km? on Mount Speke, 0.67 km? on
Mount Baker, 0.25 km? on Mount Gessi, 0.08 km? on Mount Emin, and
0.04 km® on Mount Luigi di Savoia. The Vittorio Emanuele and Speke
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Figure 10.—The peaks (triangles), glacial p
lakes (blue), and glaciers (green) of the
Ruwenzori (modified from Map 4.2:1 in Has-
tenrath, 1984); data compiled by Hastenrath
from maps, photographs, and field observa-
tions, and Whittow and others (1963), Temple
(1968), and Osmaston and Pasteur (1972).
Names of glaciers in the explanation are
keyed to numbers on each mountain. Con-
tour interval 200 m.
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